Abstract: High-repetition-rate high-power laser systems induce a high average power heat deposition into the gold-coated diffraction gratings. To study the effects of the thermal expansion of in-vacuum Pyrex gratings on the laser properties, we scan the pulse energy and repetition rate of a 200 TW laser system while monitoring the laser wavefront. Through the measured changes in laser divergence and focusability, we define an average power limit below which the in-vacuum compressor can be used with no degradation of the laser focus quality.
Introduction
Since the development of the ultrafast laser technology, an increasing number of laboratories have access to several hundreds of terawatt and up to a few petawatts of laser power [1] . Such beams can be focused down to reach intensities well above 10 18 W/cm 2 , which corresponds to the regime where electrons accelerated by the laser electric field can reach relativistic energies [2] . In parallel to the increase of peak power, constant effort has been undertaken to increase the repetition rate, for example by using diode-based pump lasers [3] or thin disks as amplifier medium instead of rods [4] . The increase of repetition rate allows laboratories to move from single-shot proof-of-principle experiments to systematic studies and parameter scans backed up by statistical data, which enables a deeper and more consistent analysis. Furthermore, with the development of high-power laser systems as drivers for secondary sources such as laser-plasma accelerators for instance, increasing the repetition rate is necessary to obtain performances required for applications. Additionally, increasing the repetition rate of laser systems allows for active feedback and therefore a better control of the pulse properties [5] .
Nowadays, several hundreds of terawatt laser systems with a few hertz repetition rate are commercially available. Such lasers are typically based on titanium-sapphire technology, with broadband pulses that can be compressed to below 50 fs. Even though recent progress in multilayer dielectric gratings has been made to improve the diffracted bandwidth [6] , most of the compressors feature gold coated gratings as they are suitable for broadband lasers. Gold, however, absorbs 3 % to 5 % of the incident energy [7] , which combined with the high repetition rate leads to a high average power absorbed by the grating substrate. This induces a thermal load that can only be extracted via radiative cooling due to the necessity of operating high power compressor in a vacuum environment with limited contacts to the optomechanics to reduce mechanical stresses. The absorbed energy therefore stays within the substrate as heat and deforms the grating surface. Thus, the reflected laser wavefront will be deformed. Moreover, as the beam is spatially dispersed between the gratings, the changes of the wavefront can couple into the temporal properties of the pulse and be detrimental to the overall compression [8] . Eventually, the heat can lead to catastrophic damage of the optic, e.g. if the temperature is higher than the melting point of the gold coating. The deformation of the laser wavefront itself has a direct negative impact on the focusability of the beam, which heavily decreases the available peak intensity as well as the energy contained within the central part of the focal spot. This fraction of the pulse energy is typically a crucial parameter which determines the efficiency of a process [9] .
Previous work has reported this issue at different pulse energies [10] [11] [12] and proposed solutions to mitigate or compensate the thermal expansion. Fourmaux et al. [11] propose to adjust the position of the off-axis parabola to compensate the defocusing of the 110 mJ 100 Hz laser used. On the contrary, Alessi et al. [12] tackle the source of the problem by actively cooling the grating substrate to efficiently extract heat and therefore reduce the surface deformation for a PW-class grating compressor, measured using a diode array with equivalent average power. Here, we report, to our knowledge, the first direct measurement of heat-induced wavefront distortion in gold-coated gratings of a 100 TW class vacuum compressor using the actual high-energy ultrashort laser to both heat up the gratings and diagnose their deformations. The observed deformations could therefore be used to predict the grating behavior during an experiment without relying on assumptions on the influence of vacuum, beam size or pulse duration for instance. We first describe the experimental setup as well as the laser parameters used for this purpose. Then, we present the results of the laser energy and repetition rate scans on the output laser divergence, which directly relates to the focus position. Finally, we emphasize on the focus quality itself through the observation of the overall wavefront transient deformation.
Experimental setup
The ANGUS 200 TW laser system is a double CPA Ti:sapphire system mainly used to drive the laser-driven plasma accelerator called LUX [13] . It can deliver up to 5 J on target at a maximum repetition rate of 5 Hz. The compressor is composed of two gold-coated holographic gratings with a Pyrex substrate operated in double pass, an incidence angle of 51.4°, and 1480 lines/mm. The first grating dimensions are 210 mm wide and 200 mm high, and the second grating dimensions are 300 mm wide and 200 mm high. Although the laser bandwidth allows a compression down to 25 fs, we relaxed this parameter and use a more reproducible pulse length of 40 fs for this measurement, as in everyday operation. The near field intensity distribution shows a super-Gaussian-like profile with a full width at half maximum of 70 mm. To measure the heat induced wavefront deformations, we scanned the energy from 0.6 J to 6.0 J at the compressor entrance using a half-waveplate and thin film polarizer based attenuator. This corresponds to an average fluence on the first grating surface ranging from 10 mJ/cm 2 to 100 mJ/cm 2 . The laser was run for a duration of 30 minutes for the low energy steps, and up to 90 minutes for the high energy steps. Additionally, after selected tests, the laser energy was tuned down to 150 mJ for 20 minutes to measure the cooling behavior of the gratings while still being able to measure the laser parameters. The repetition rate was scanned by changing the laser internal trigger to allow only every other or every third pulse to be sent to the multipass power amplifiers. We therefore scanned the repetition rates of 0.5 Hz, 1.0 Hz, 1.67 Hz, 2.5 Hz, and 5.0 Hz.
To monitor the laser parameters, the leakthroughs from two mirrors are used before and after the compressor, as shown in Fig. 1 . These leakthroughs are then attenuated, demagnified, and split towards different diagnostics: the pulse energy, spectrum, and near field and far field distributions are measured before and after the compressor, and recorded for every shot in the control system with a unique shot number. The wavefront is measured after the compressor using a four-wave lateral shearing interferometer wavefront sensor [14] which has been used to optimize the wavefront before the compressor prior to the experiment with a mechanical deformable mirror. The post-compressor diagnostics have inherent astigmatism, therefore the wavefront measurements presented in the following sections show relative results. This has the advantage of ignoring the aberrations of the setup and the laser itself, and only focus on the transient deformations of the optics. Using these diagnostics, we can ensure that the laser beam does not change before the compressor and thus rely on the post-compressor diagnostics. All the data reported here was acquired for every individual shot. Additionally, an infrared camera with a spectral range of 7.5 µm to 14 µm was used to monitor the first grating temperature from outside of the compressor through a ZnSe window. As the emissivity of the gold coating is low (ε gold < 0.05) [7] , only the heat emitted from the side of the grating substrate was visible and measurable (ε glass > 0.8). It is however a good indicator of the dynamics of the temperature increase within the grating.
As the full energy of the ANGUS laser was used, the compressor was operated at a pressure below 10 -6 mbar, the quality of the vacuum was continuously monitored by a residual gas analyzer to ensure that no contamination could disturb the experiment by increasing the absorption or lowering the damage threshold of the gratings. We defined the good quality of the vacuum by measuring that the partial pressure of masses above 45 amu is less than 10 -3 of the total pressure [15] . The data was saved and archived into the control system and post-analysis revealed that the vacuum environment did not change during the experiment. The full power laser beam was then sent through the transport beamline towards the experimental area to be dumped, as only a fraction is sampled for the post-compressor diagnostics. Therefore, the parameter scans reported here are done in realistic conditions: the vacuum system, the laser beam size, energy, and pulse duration are similar to those used for the LUX experiment [13] and thus reflect the actual behavior of the grating compressor during everyday operation. While the data reported is specific to the ANGUS laser system and compressor, it is a rather standard design concerning the grating substrate, the filling ratio or the fluence on the optics. We therefore believe that the conclusions can be, to some extent, adapted to different designs and laser parameters. 
Effects on divergence
We first investigate the change of the beam divergence as it directly relates to a shift of the longitudinal focus position. The impact of the input beam fluence in the grating plane is studied at a fixed repetition rate of 5 Hz, and then the repetition rate is varied while the fluence is set to a fixed value of 50 mJ/cm 2 . Figure 2 shows the relative change of the beam divergence over time in the horizontal (top) and vertical plane (bottom) for five fluence steps measured with the wavefront sensor, which correspond to input energies of 0.6 J, 1.8 J, 3.0 J, 3.6 J, and 4.2 J. A clear positive correlation between the input fluence and the increase of divergence can be observed. As expected, as more energy is absorbed by the substrate, the higher thermal load leads to a higher deformation of the grating surface. The second observation is that the horizontal divergence increases at a much higher rate than the vertical divergence, leading to an increase of astigmatism of the beam. Furthermore, the horizontal divergence seems to keep increasing linearly after an exponential growth while the vertical divergence saturates or even decreases after a similar exponential behavior. The temporal evolution of the beam divergence is fitted with the sum of an exponential increase and a linear curve f (t) = a(1 − exp(−t/τ)) + bt, based on the observed pattern. All fits show a very good agreement with the measured data and we could then retrieve two time constants: the exponential time constant τ and a linear growth rate b which are plotted in Fig. 3 . While the exponential time constant increases similarly in both planes with the input fluence, the linear growth rate is only significant in the horizontal plane. The horizontal divergence does not show saturation for higher input fluences. In an attempt to reach such a regime, an additional 4 hour run was measured with an input energy of 6 J at 5 Hz. After the exponential growth happening in the first 10 to 20 minutes, the horizontal divergence increases quasi-linearly for two hours before saturating around 190 µrad. In the last two hours of the run, it then decreased with a rate on the order of 10 µrad/h. The vertical divergence, on the other hand, was linearly increasing with a rate of 3 µrad/h after the exponential growth. To describe this asymmetric behavior more quantitatively, further studies and simulations of both the thermal expansion of the substrate and of the affected laser pulse spatial and spectral properties are necessary.
Energy scan
One can also notice on Fig. 2 that the increase in divergence between two different energy levels is not constant. This can be explained by a drawback in our experimental procedure. Due to the amount of laser time required, the data sets presented here were acquired over the course of several days. Therefore, the time between two runs has not always been long enough to allow the gratings temperature to go back to the initial temperature of 20°C. Thus, the exponential curve on Fig. 2 would start with a higher offset which is not visible in these results showing only the relative changes during a run.
Finally, we report that for the three highest input fluence levels, we observed a deterioration of the first grating coating, which most likely increased the absorbed laser energy by the grating. Thus, the results at a repetition rate lower than 5 Hz or an input fluence higher than 80 mJ/cm 2 have been measured on the deteriorated coating. While it affects the amplitude of the wavefront deformations and the time constants, the overall trends reported would stay valid as long as the coating quality stays identical for a given set of measurements.
Repetition rate scan and average power dependency
The repetition rate has a direct influence on the divergence evolution as can be seen on Fig. 4 , where it is varied from 1 Hz to 5 Hz at a constant input fluence of 50 mJ/cm 2 . As the repetition rate increases at a constant input energy, the average power and thus the heat absorbed by the gratings increases as well. Therefore, the thermal expansion deforms more and more the substrate. Furthermore, by fitting the curves with the same function described in 3.1, we observe that the linear growth rate of both the horizontal and vertical divergences is increasing with the repetition rate, as shown in Fig. 5 . However, a clear behavior cannot be extracted from the exponential constant.
By combining the two previous scans, we can study the change of divergence depending on the average power into the compressor which is varied by changing the input energy and the repetition rate. Fig. 6 shows the average divergence of the horizontal and vertical planes after 30 minutes for all different average power scanned. We further distinguish the data sets acquired before or after the coating deterioration. Nevertheless, the data is in good agreement with the fitted linear slope, which tends to validate the use of continuous diode lasers to reproduce the behavior observed with a compressed pulse [12] . However, we do observe with the thermal camera that the first grating temperature is significantly higher at the output beam height where the beam is compressed, even with a good coating quality. It would indicate that more energy is absorbed in the substrate where the laser pulse is short, even though the pulse energy is already decreased by at least 85 % due to the grating efficiency of the first three passes. 
Effects on the focal spot quality
We observed that the heat-induced deformation of the gratings leads to an important increase of the divergence and astigmatism due to the asymmetry in the vertical and horizontal planes. Therefore, it appears necessary to investigate the evolution of the focal spot quality. Using the wavefront sensor, we monitor the evolution of the relative rms amplitude of the wavefront as well as the relative Strehl ratio, calculated from the point spread function (PSF) using the measured wavefront map. The tilts and the defocus are excluded from the analysis in order to restrict the observations to the quality of the focal spot rather than its longitudinal or transverse position. While the relative Strehl ratio does not indicate the quality of the laser beam directly, it captures the change of its focusability due to the deformation of the grating surface. Figure 7 shows these two measurements for three different input fluences at 5 Hz. At 10 mJ/cm 2 , the wavefront and the Strehl ratio stay almost constant to an average value of λ/20 and 0.9 respectively. Over 30 minutes, the wavefront amplitude increases by 0.01 λ and the Strehl ratio decreases by 0.05. At 50 mJ/cm 2 and 70 mJ/cm 2 , we observe a behavior similar to the divergence evolution: after an exponential growth of the wavefront deformations with a time constant of about 5 minutes, they increase linearly. Especially for the 70 mJ/cm 2 case, which is close to the designed operating parameters of the compressor, the Strehl ratio is reduced to 0.5 in 3 minutes and to 0.2 after 10 minutes. This fast degradation of the laser beam spatial quality reduces heavily its usability as a driver for experiments relying on parameter scans, when operating at high average power.
In order to observe the evolution of the pulse temporal width, we monitored the width of a single-shot second order autocorrelation trace at the post-compressor diagnostics (not shown in Fig. 1) . We could observe a broadening of the second harmonic trace as the deformation of the grating surface increased. In principle, spatio-temporal couplings from the deformed gratings could cause a change in the compressed laser pulse length [8] . However, due to the complexity of the measured signal, we cannot conclude that this observed broadening is solely related to an increase of the pulse duration. Indeed, as the autocorrelator is not imaging a plane within the compressor, a change of the laser wavefront would additionally modify the near field distribution and therefore the second harmonic signal. We plan to investigate the evolution of the pulse duration in the future using a single-shot device such as a FROG, which can measure some spatio-temporal coupling [16] , and reducing the influence of the wavefront degradation on the intensity distribution by imaging a plane in the compressor. However, this is beyond the scope of the current study.
Combining all fluence and repetition rate scans as previously, we use the Strehl ratio value calculated after 30 minutes as a metric in order to estimate an average power threshold above which the wavefront is too degraded to use the output compressed laser beam for experiments. In the following, we will distinguish whether the coating was deteriorated or not. The data represented in Fig. 8 features two regions with rather constant Strehl ratio: at low input power (typically below 5 W), the deformations of the gratings are negligible and the Strehl ratio stays above 0.9. On the other hand at high average power (above 15 W), the PSF is already so degraded that an additional deformation of the gratings surface will not change significantly the Strehl ratio. From these two observation, the data is fitted by a high order Gaussian curve ∝ exp ln (S lim ) · (P/P lim ) 2N , to obtain two plateau-like regions at low and high average power, with a smooth transition in-between. From this fit, the order of the Gaussian is N = 1.2 and we can retrieve the average power limit for a given Strehl ratio value S lim . For instance, at S lim = 0.9, P lim = 5.6 W and at S lim = 0.8, P lim = 7.7 W. We emphasize that this curve is only a tool to extract a threshold value from the data, and that it depends on the specific compressor design and thermal properties of the setup (e.g. grating mounts). Seeing how fast the wavefront degrades due to the gratings surface deformation, it is also of interest to investigate how long the gratings need to recover their initial shape. Thus, after a 90 minutes run at a fluence of 80 mJ/cm 2 at 5 Hz, which corresponds to an average power of 24 W, the laser energy was decreased to 150 mJ (or 0.75 W) in order to significantly reduce the absorbed power but still be able to measure the wavefront deformations, and recorded for 30 minutes, as shown in Fig. 9 . After 15 minutes, the Strehl ratio reaches the 0.5 level, and according to the exponential plus linear fit, it would reach the 0.9 level after 50 minutes as the linear slope corresponds to an improvement of 80 %/h.
In principle, a mitigation of the wavefront degradation using a deformable mirror might be feasible. However, as the wavefront changes significantly within only minutes after the laser energy is reduced, such a correction has likely to be performed online while running at full power. Furthermore, an online adaptive optics loop has to ensure that no intermediate foci are created at full power while the deformable mirror moves the different actuators.
As we were not able to directly measure the temperature of our Pyrex substrates during the experimental campaign, we recorded in a similar experiment the temperature of a fused silica substrate grating, which has a comparable thermal conductivity in the order of 1 W/(m K). Therefore, we expect the Pyrex gratings to exhibit a similar thermal behavior as the fused silica substrate grating. The temperature of the fused silica grating was measured for several days after a 5 hours run with an input fluence above 90 mJ/cm 2 at 5 Hz using a thermal camera. The maximum temperature observable on the side of the grating is reported in Fig. 9 , and follows an exponential decay with a half-life of 7.5 hours. We note that during the heating process, the temperature increased linearly with a rate of 3°C/h.
Conclusion
We investigated the divergence change and wavefront degradation of a high repetition rate 100 TW class laser due to laser induced heat in the final compressor gratings with Pyrex substrate, measured directly with the laser used for experiments. Pyrex substrates are widely used in compressors for this class of laser systems, and we therefore believe that our findings are highly relevant for the community. The data shows a significant increase of the divergence and a degradation of the transmitted wavefront if the input power is higher than 5.6 W. We noticed an asymmetric behavior of the divergence between the horizontal and vertical planes which require more detailed analysis and simulations to be better understood. The long-term analysis indicates, that operation of the laser at full average power requires an online adaptive optics correction loop of the transient wavefront deformations. Indeed, the focal spot quality and longitudinal position would otherwise vary during an experiment. It would therefore reduce the effectiveness of parameter scans to isolate individual causes of the studied phenomenon. Moreover, we observed a broadening of a second order autocorrelation trace, but we cannot conclude that it is directly related to an increase of the compressed pulse duration. More complete measurements are necessary to investigate the effects of the gratings deformation on the pulse temporal profile. Finally, we observed that the first grating substrate temperature is higher around the compressed pulse which tends to suggest that the ultrashort nature of the beam needs to be considered for an accurate simulation of the heating process. Several options are foreseen to circumvent this issue: actively cooling the grating, as reported in [12] , would help to extract the heat stored in the substrate, which reduces the overall surface deformation and helps to reach a thermal equilibrium, and use a grating substrate with a lower thermal expansion coefficient than Pyrex, such as a low expansion glass which have a typical thermal expansion coefficient on the order of 10 -8 K -1 , compared to α Pyrex = 3.25 × 10 −6 K -1 . While it would not reduce the temperature increase of the substrate, it would reduce greatly the deformation of the surface and therefore the induced wavefront aberrations. Considering practical use cases of a typical few-hours operation for parameter scans, this might be the most straightforward solution: preliminary results using a fused silica substrate (α fused silica = 0.5 × 10 −6 K -1 ) for the first grating already show a clear reduction of the wavefront degradation. However, for a accurate comparison, both gratings need to be replaced. We will therefore report our findings on different grating substrates in the future.
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